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PRESSURE I)HYTRD3U’HON OVER AIRFOILS AT HIGH SPEEDS

By L. J. BRIGGS and H. L. DRYDEN

SUMMARY

This report deals -with the pressure distribution o-rer airfoik at high speeds, and describes an
extension of an investigation of the. aerodynamic characteristics of certain airfoik -which was
presented in N. A. C. A. Technical Report No. 207 (Reference 1). The work was carried out
ati the request and with &hetinancia.1 assistance of the N“ational Advisory Committee for Aero-
nautics. A large compressor pIant at Edgewood Arsemd was made available for the experiments.
through the courtesy of the Chemical Warfare Ser-rice.

The resuIts presented in Report. h’o. 207 ha-re been confirmed and extended to higher speeds
through a more extensive and system~tic series of tests. Observat~ons were also made of the
air flow near the surface of the airfoils, and the large changes in lift coefficients were shown to be
associated with a sudden breaking away of the flow from the upper surface.

The tests v-ere made on models of 1-inch chord and comparison with the earlier measure-
ments on models of 3-inch chord sho-ws that the sudden change in the lift coefBcienk is due to
compressibility y and noti to a change in the Reynolds NTumber. The Reynolds ~Tumber still has
a Iarge effect, however, on the drag coe%kient.

The pressure distribution observations furnish the propeIler designer with data on the Ioad
distribution at high speeds, and ako gi~e a better picture of the air-flow changes.

INTRODUCTION

In TechnicaI Report 207 of the h’~tional Advisory Committee for Aeronautics an account is
given of the resuIts of some measurements by G. F. Hull and the authors of the Iiftj drag, and
center of pressure of six airfoils at speeds ranging from 550 to 1,000 feet per second. The airfoils
were of the type used by the Army Air Ser~ice in the desi=m of wooden propellers, and the
experiments showed that their aerodynamic characteristics at the speeds aetuaUy encountered in
propeIIer blades were quite different from those at ordinary -wind tumel speeds.

The present report describes an extension of the investigation to the measurement of the
distribution of pressure o~er the same six airfoiI sections at high speeds. The object of this
additional work was t-wofoId; &t, to furnish the designer -with data on the load distribution at
high speeds, and second, to throw some light on the cha~ges in air flow, so that a better under-
standing might be gained of the effect of high speeds on the type of air flow-.

The work described in Report &To.207 vras carried ouk in an air stream 12 inches in diameter
at. the Lynn pIant of the General Electric CO., on airfoils of 3-inch chord. It was not possibIe
to continue the work at Lynn, because no compressor was a-raiIabIe. Furthermore, the operating
conditions at Lynn were such that it was dif3cult to obtain a series of obser~ations at the same
wind speed without a Iarge expenditure of time. It -was decided therefore to carry on the work
at the compressor plant, at Edgewood ArsenaI in an air stream 2 inches in diameter and on
models of l-inch chord, the plant being made avaiIable through the courtesy of the Chemical
Warfare Service. Although this change in the size of the modeI and the air stream had the dis-
ad~antage of changing the experimental conditions so that the results m-ere not exactly com-
parable, the moditlcation of the program h~s ampIy justified itself by &hemarked irnprovemerk
in operating conditions and it has7 in addition, given new information as to the rellative impor-
tance of the tiseosity and compressibility effects.
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APPARATUS

Air s&erzm.—The air stream was furnished by the 155-millimeter compressor plant at
Edgewood Arsenal, This plant, which was used during the war in connection with the refriger-
ation of mustard gas during the process of filling gas shells, consists of four electrically-driven
double-acting reciprocating compressors capable of delivering jointly abouti 1,800 cubic feet of
free air per minute afi any pressure up to 125pounds per square inch, In the present wor]i they
were used to maintain an air stream at a speed up to 1,250 feet per second through a 2-inch
orifice. The air after leaving the compressors was water-cooled and then passed through a 4-
inch line in which a tank was included to damp OULthe pulses produced by tke reciprocating
motion of the compressors. About 200 feet along the line from the compressors the air passed
into a vertical pipe 8 inches in diameter, with an orifice mounted at its upper end for forming the
high-speed air jet. ‘The air speeds at which observations were taken were 0.5, 0.65, 0.8, 0.95,
and 1.08times the speed of sound ab the temperature of the jet, corresponding to 563, 732, 902,
1,071, and 1,218 feet per second at 20° C. The pressure and therefore the jet speed was main-
tained constant by a manually operated blow-off valve placed in a line connected to the ballast
tank mentioned above. The values of the air speed were computed from the pressure observed
on a manometer connected to a small hole in the 8-inch pipe about 2 feet ahead of the orifice
mouth, the method of computation being described in the section on reduction of observations.

@ijices.—Two orifices were used. For speeds below the speed of sound a 2-inch cylindrical
orifice, 1.05 inches in length, was found to give satisfactory flow conditions. For the highest
speed of 1.08 times the speed of sound it was necessary to use a slightly expanding orifice to
avoid large fluctuations in pressure in the stream. This orifice had a throat diameter of 1.9
inches, a length of 0.55 inches, and a taper of about 1 in 21, In each case a rounded approach
was used, the section being changed from the full 8-inch diameter of the pipe to the throat. diam-
eter in a length of about 4% inches.

Airjoils.—The airfoil sections were the same as those described in detail in Technical
Report No. 207 of the National Advisory Committee for Aeronautics but were of l-inch chord.
(Cf. figs. 4-9.) The maximum thickness was 0.10, 0,12, 0,14,0.16,0.18, and 0.20 inch, respec-
tively, for the six airfoils. 13ecause of the small thjckness it was not practicable to have enough
stations on one airfoil to determine the pressure distribution satisfactorily, for the forces in-
volved were rather large and the insertion of connecting tubes necessitated the remmwd of a
comparatively larg~ amount of metz=d. For this reason seven models were required for each
of the six sections. They were made by hfr. W. II. Nichols, of Waltham, Iv!fass., and were of
brass, to facilitate the necessary machining operations.

Thirteen stations were chosen as a minimum number satisfactory for determining the
pressure distribution curves. Seven stations were placed on the upper surface and SLYon the
Iower, spaced close together near the leading edge where large pressure changes were to be
anticipated. The locations of the stations with regard to the airfoil section are shown in Table
I which gives the distance of each station from the nose, measured parallel to the chord and
expressed as a fraction of the chord. The ordinates at these points are given for airfoil No. 1
of 0.10 camber ratio, and the values for the other airfoils are proportional to the camber ratio.
The lower surfaces of all the airfoils were plane.

TABLE I
UPPER SURF.4CE “

] Station
Distance Ordp

from
nose airfoil1 !

1--------------- 0.025 0.041
;:::::::-::::::: ~ OS& 0.059 ;

0.079
4--------------- 0.m 0.695

1

5--------------- 0,4C0 0.097
6--------------- 0.6CH3 o.0s7
7. . . . ..-.. .-... - 0.850 0.045

I I 1 I

LOWER SURFACE
—- — ,

_._—

8.-............. Ipj / o.m)

I J-::-:::::::

1 ____

0.000
0.200 0.cm

I l --------------- : fl o.Cwl
12-- .. . . . ..-- . . . . 0.fHxJ
13-------------- 0:850 0.Om
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Two st~tions were located On each of six models of each airfoiI section, while one model
carried only one station. The holes (about 0.025 inch in diameter) were offset one-eighth inch
from the center of the airfoil, one toward either end, and connection was made through small
tubing set into a groove milIed in the opposite surface of the airfoil to shorti tubes of larger
diameter soldered to the ends of the airfoiI. .After the tubing had been placed, the groove vias
filled with solder and carefuUy smoothed over. ~ig~e I shom~ ~ nmber of the models with end

connections.
Airjo<l rn.ounting.-.i flange on the -rertical 8-inch pipe carried two -rertica.l rods, which

served as supports. (See fig. 3.) The mounting for the airfoils is shown in Figure 2. The
semicircular bracket B, forming the main put of the mounting, cotdd be rotated at O about
one of the -rerLical rods, so that the airfoiI could be swung into the stream or taken out at will.
The bracket carried two holIow members M rotating in plain bearings about a common hori-
zontal axis and shaped so that the airfoil A could be clamped ihmly to them at each end. The
rotating members carried pointers P tra~eling over anguIar scales fastened to the bracket. A

FIE.I.—Two ~oups of airfoiisnswdin the tests. The holesformeawrirg the pressuremaybe .wenon airfoil2-5, 2-4

tangent screw S provided a close adjustment., and q tick ncting clamps C held the airfoil in ~osi.
tion at any angle to the air stream. - Rubber tub~g connectfins to ‘a manometer were bro~ght
in through the hoUo-w rot at~~ members to the short metal tubes on the ends of the airfoil.

3fanorneters.-The static pressure in the 8-inch pipe was measured by means of a dead-
weight piston ga~~e or by a mercury U-tube gauge. The two instruments were connected in
paralIel, so that either couId be used or the two compared at any time. The U-tube gauge
proved better for lo-iv pressures and speeds, while the dead-w-eight gauge was satisfactory at the
t~o higher speeds.

The pressure at. the sfiation on the airfoil was read on a mercury U-tmbe gauge of special
design. The instrument was pro~ided mith markers designed to a-roid parallax and so arranged
that the markers could be set quickly and the actual scale readings taken subsequendy while
a new pressure was buiIding up. The U-tube was also equipped at the bend with a valve which
couId be used to hold the mercury in position while adjustments were being made on the air-
foil. The valve could also be used to damp out fluctuations by partiaIIy closing it, but this
was found necessary in only a few instances.

.- .—
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Both pressures were measured with reference to the actual barometric pressure since static
tube measurements showed that the static pressure of the stream was equal to the barometric
pressure, within the experimental error. The barometric pressure was measured by a standard
mercurial barometer.

Thermometers were provided to measure the air temperature in the pipe and the air tem-
perature near the manometers and barometer.

A general view of the set-up is shown in B’igure 3.

GENERAL PROCEDURE

The measurements were carried out in the following order. A model was clamped in the
support and set at an angle of zero degrees to the wind stream. One station was connected
to the mercury U-tube, and the connection to the other station cIosed. The airfoil was then
swung into the air stream and the manometer allowed to come to a steady state. The valve
on the manometer was then closed and the observer at the manometer adjusted the markers
whiIe the observer at the airfoil turned the airfoil to a new angle. After the markers were
set, the first observer opened the manometer valve and read the position of the mariiers and
recorded them while equilibrium in the new condition was being established. .Nfeasurements
were made for this one station at the lowest speed at 4° intervals from – 20° to + 24°. The
second station was then connected and the first closed off. and measurements made over the same
range of angles. The airfoil was then removed and a replica with two other stations carried
through the same range, this process being continu8d until all 13 stations on one sect~on htid
been covered at one speed, a total of 156 observations.

The remaining five sections were tested at the same speed, making 936 observations, and
then the whole series was repeated for each of the remaining four speeds, giving 4,680 obser-
vat iom in all. Where necessary, additional observations were interpolated.

An assistant kept the pressure in the 8-inch pipe constant by hand regulation of the blow-
off valve and thus, as will be shown later, kept the value of the ratio of the air speed to the
speed of sound constant at the desired vaIue.

REDUCTION OF OBSERVATIONS
.7Votation.—

p = absolute pressure at a station on the airfoil.
p,= absolute static pressure inside pipe (velocity pressure negligible).
po = absolute static pressure in jet (equal to barometric pressure).

pl –p. = impact pressure.
V= the speed of air in jet,
c = speed of sound at temperatur~ of jet,.
p = density of air in jet.
P= viscosity of air in jet.

q= ~ P V2= velocity pressure.

Z=linear dimension determining the scale (chord of airfoil).
J =mechanical equivalent of heat.

6,= specific heat of air at constant pressure.
k= ratio of specific heats.

Ti.= absolute temperature, in pipe before expansion.
TO= absolute temperature in jet after expansion.

Pressure on airfoils.—The resuIts of the pressure measurements are expressed in terms of
the nondimensional or absolute coefficients of the type described in Report 207 of the NTationa]
Advisory Commifitee for Aeronautics. The principle of dimensional homogeneity indicates

1

that the pressure difference p – p. is equal to the velocity pressure, g= ~pP, times a function

of the Reynolds Number T7ip/Pand the compressibility variable V/c. In other words

P–PO P–PO—
!l

=f(p;, :
)

;P v’
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As wilI be shown in the next paragraph q is equal to the measured pressure in the 8-inch

pipe times a factor which depends only on the speed ratio, ~. Both p and the pipe pressure

are measured on mercury manometers at nearly the same temperature for the three low speeds
SO:that the ratio may be talien directly without further reduction. For the two high speeds

the reading of the dead-weight gauge is first reduced to cm. of Hg. VaIues of ‘~ are then

obtained by multiplying by the appropriate factor of Table 11.
Speed ratio.—The speed ratio is computed from the pressure of the air in the pipe before

expansion on the assumption that the expansion through the orifice is isentropic, that air is an
ideal gas, and that the pressure in the jet just outside the orifice is equal to the barometric
pressure, The first assumption is substantiated by the experimental fact that for speeds below
the speed of sound an impact tube in the jet gives a pressure which balances the pressure on
an impact tube in the pipe within very close limits. Hence there is no appreciable dissipation
of energy by resistance or heat conduction, during the expansion through the nozzle and the
recompression ahead of the impact tube in the jet. The third assumption is substantiated
by static tube measurements in the jet.

The formula for the speed computecl on these assumptions is

(1)

Now the velocity of sound c is proportional to the square root of the absolute temperature;
hence if co is the vaIue under standard conditions, as for example a.t 0° C,

since

()
k-l

TO=Ti ~ 7

.

()
k–l

~2_c.2Tt ~. T-

273 pi
Dividing equation (1) by C2

:~=WW%
(2)

17/c therefore depends only on the absoIute pressure ratio and not on the temperature T*.
The values of pt – pa corresponding to a definite value of V/c vary sIowIy with changes in

the barometric pressure, p ~, but it was found quite feasible to make allowance for this variation
and carry out all measurements at the same vaIue of F/c. The effect of change of the density
of mercury with temperature was well within the general precision of the work,

Attention has been called to the fact that the velocity

puted from the observed pressure, pi– p,. In fact

~=1+ 288X o.0012255
0 1013300

pressure 1P V2 may be readily com-

where p is the density ‘in gmfcmz, p o the barometric pressure in dynes/cm2 and T, the absolute
Temperature in “C. Hence

1 v’=
288X 0.0012255

2P
1 013300 Jd(3y-’l
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Substituting for the quantity in the brackets its equivalent from equation (2)

; pTn=3.50s8 p. (0.19991 T-’/c’)

Therefore

561

Pi.1 (
p T@_l

pi–p, 1+0.199917

3 50s8:0 1999F =

)— . (3)
1 V’ . . , 3.5088X0.19991:2P G

a result dependent onIy on V[c. Values for the speeds used are given in Table II and by their

p–p.aid the resuIts given in the paper for ~ cam be recomputed to give ratios to impact pressure

I

The tables in the appendix to this report and the curves of Fgures 4 to 9 give

p–p.

;P F’
for the 13 stations on each of the six airfoil sections at the five mdues of ~.

~
INTEGR.LTION OF PRESSURES

the vaIues of

For comparison with the earlier results it is necessary to compute values of the total forces
and moments, i. e., the Iiffi coefficients, drag coefficients, and center of pressure coefficients as
defined in Report 207.’

It is inconvenient to determine the lift and drag coefhients directIy and therefore the normal
force and tangential force coefficients, Gk and CT are tit computed, the normal force being
defined as the force normal to the chord of the airfoil (whereas the lift is normal to the wind
direction) and the tangential force as the force paral.Iel to the chord (whereas the drag is parallel
to the wind direction). The lift and drag coefficients, CL and C=, follow immediately from the
relations

i?~=c~ Cos a–cl. Sins
CD= CA- sin a + Q Cos CY

where a is the angle of attack.
Forces computed from the observed pressures can not take account of the effects of skin

friction, since only the pressure normal to the surface is measured by the method described.
It is to be expected, therefore, that the forces computed from the pressures w-N difter somewhat
from the directly measured forces, especially in the case of the drag component.

The method of determiningg the normal and tangentiaI force coefficients from the pressures
normal to the surface reduces to the determination of the area of t~o curves, one in which the
observed pressures are plot ted as ordinates and dist antes of the station parallel to the chord

1 CL= ~
Lift

~p ;? Area

cD=Q@—
+P P Area

Centerof pcasauracoe&icient=dfatanceeentecof pm.ssweto Ieatig edgemaasuradpartial to chxd di~idedby chordlength.
Momentcwffkient =( Cr,02scc+Cnsina) timesctmterof pressurecoefitient
~=aj@~ of attp.&.
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as abscksae and the se.co~d k which the or&nates are the same but the akwci~sae are &StfirlceS

perpendicular to the chord. The proof of this statement is obvious from Figure 10. The
curves are of course determined by the values of the ordinates at a few discrete vaIues of the
abscissae. The usual method of finding the area is a graphicaI one of drawing in a ftiired ctme
and measuring the area with a planimeier or by counting small squares on coordinate paper.
In the present case because of the large number of observations to be treated, a numerical
method was found more satisfactory since it was much quicker and gave results which were
more directly comparable.2

In the integration for the tangential force coefficient it was found desirabIe to interpolate
additional pressure values at the ends since no stations couId be placed close to the leadin~
and trailing edge. Table 111 gives the factors for airfoil 1 of 0.10 camber ratio. The normal

force factors are the same for all airfoils but

A

# dT’
v

L\\

the tange.ntiaI force factors ‘are proportioned to
“e dy ~ the thickness of the airfoil, those for airfoil 2

dx *P e- being 1.2 times those for airfoil 1 and so on. It
iv+ m wilI be noted that the signs for the upper surface

in the case of the normaI force factors and for
T the rear of the upper surface in the case of the

x X tangential force factors are negative, because a
d~=pdscos 8=pdx

Y dT -pd%in 8 =pdy positive pressure acting on those parts of the .

Fm. 10.—Diagramshowingmethodof computingnormaland airfoil produces negative forces, the normal force
tangentialforcesfromthe observedpressures bek~ called positive when directed from the

lower surface to the upper and the tangential force b@ Calkcl Positive when directed from

leading to trailing edge.
it is flat.

The lower surface does not contribute to the tangential force since

TABLE III

1
Fy;&orsaor 1Factorsfa

tangential
Station forceco- foreeM.

efficient efacknt
forall for airfoil
airfoils 1only

.— I -
Interpcdatelstationat leadingedge.. ..-.. -.....;

1.-... . . . . . . . . . . . . . . . . . . . . . . . . . . . . –: y$
2-----------------------------------
3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .-. –. 07ffi ;
4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..–. 1684
5.-. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . —.2%1 ;
6. . . . . . . . . . . . . . . . ------------------ -.1500 :

0.OL54
.0464

–. Im3
.0330
.0056

–. 00s5
-. 01s0
–. 05s0
–. 0155

0
0
0
0
0
0

The values of the lift and drag coefficients obtained are shown in Figures 11 and 12 and in
the tables in the_appendix.

The moments about the leading edge and the positions of the center of pressure were com-
puted by an approximate method. The tipproximation consisted fist in the neglect of the
moments of the components of the pressure parallel to the chord and second in the use of fac-
tors obtained by multiplying the normal force factor for a given station by the distance of the
station from the nose, The errors arising from this procedure will be discussed in the section
on ‘( Accuracy.”

The values of the approximate moment coefficients and center of pressure positions are
given in the appendix and in Figures 13 and 14.

2ManySUC~nm~er[ea[methodsofin~c~raiiomare&scribedh textbooks on applied mathematics. In the present case a curve of the third
degree was passed through four adjacent points, the ordinates being denoted by letters and the numerical values of the abscissae inserted. The
area between the two inner ordinates, the curve, and the axis of abscissae was found by integration. At the end intervals special treatment wtis
necessary and in general the procedure foltowed ww to paas a curve of the second degree through the three end points and to integrate from the
second point to the end of the airfoil. When this pi’ocedureis carried out and the rcsufts for all intervals added, there results a series of fw’tors by
which each ordinate is to be muItipIicd and the results of the multipIic8tion summed for al[ stations to obtain the area.
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EFFECTS OF POSITION OF AIRFOIL IN AIR STREAM AND OF THE SIZE OF THE AIR STREAM

A number of amiliary measmements mere made ;n ardcr to find the effects of ~ariations in
the experirne~td conditions as regards the position of the model in the air stream and the size
of the air stream. The complete series of tests was carried out with the center of the airfoil
at a height of 4 inches abo-re the pIane of the orifice mouth in air streams of approximately 2
inches in diameter. The measurements ori airfoil 3 we?e rereated for a number of stations at
speeds of 0.8 and 0.95 times the speed of sound at a, distznce of 2 inches abo~e the plane of the
orifice mouth. Typical cur-res are shown in Fi=gure 15. It will he noted that in general the
agreement is ~ery good, the greatest difference being near 0° for station 8 at 0.S speed ~here
the curves for the two heights are shifted with respect to each other. The effect is Iess marked
for the same station at 0.95 speed. In fact the flow around airfoil 3 at 0.8 speed at negati~e
angles is rather unstable and in one instance (not shown) a somewhat larger difference w-as
found at Iarge negative angles. In general we may say that a change in the height of the air-
foil above the orifice does not change the pressure distribution to any marked extent except in
those cases where the flow is unstable.

TabIe IiT shows the good agreement between results obtained with the airfoil in its normal
position and those obtained with the airfoil reversed and turned through a~ equal angle in the
oppo?itc direction. The differences are so small that they can not be readily shown on the scale
used in Figure 15.

TABLE 117

AIRFOIL 3.—~~C=&~. R.%TIO OF FRE.SS~RES TO VELOCITY PRESSIi RE, ~ P P

! I
Station 2

—a”. . . . . ...!
–16”- . . . . . . . .
—Izo----..--i
-s”. --.....:
–4”---------
–O”---- . . . . .

----- .....::__..!]y
16”--..-.--;
20”-- ..--.!
2+”- . . . . . ..[

a s95

:;:
.514
.353
.179

–.0-39
–. 363
—.72I

—L107
– 1.502
–. 6i3

Reversed

o.‘w
.8$P5
.676
.522
-~~
. LS?3

–. 034
–. 339
–. 69S

–L 0S3
–1. 5GS
–. 5.91

—
Station 6

A“ozmd Reversed

-o. :2s
–. 4s1
–. 514
–- 525
—.510
–. 516

–0.421
—.479
–. 517
—.~~~
—..520
—.520

–. ‘w! ! –.503
–. 469: –. 475
—.440 —.449
–. 379 ; –. 389
—.~~ t —.278
–. 464 ; –. 452

.

. .

I

t

t

.

—

A few measurements were made with a smalIer orifice, 1.2 inches in diameter. As would
be expected, a Iarge effect was found because of the decrease in aspect ratio. The most striking
feature of the results in the case of the smalIer air stream was the marked drop in the values
of the pressure decrease on the top surface. The pressures on the lower surface were not affected
as much but the relations could not be expressed in any simple way.

ACCURACY

Pressure distti6z&ion.-The precision of the pressure measurements was satisfactory as
illustrated by the results in Table IV, the differences occurring between the normaI and reversed
positions being typicaI of differences between repeat measurements. The operating conditions
were ~ery steady and required ordy occasional slight adjustments of the pressure. On the
average the curves could certainly be repeated to within 1 per cent of the pipe pressure or one-
twentieth of a degree where the change with angIe -was very grea~.

The application of the resuIts to other conditions requires a consideration of other factors,
the most important of which is the effee~ of aspect ratio. This effect is a very Iarge one, and
experimental data are still lacking to make quantitative estimates. The information avaiIabIe,
so far as the total forces are concerned, will be summarized in the section on “Discussion and
Comparison with Earlier Work.” No method is as yet known for computing the effect of
aspect ratio on pressure distribution, even at or&nary wind-tunnel speeds and for larger aspec~
ratios.

-
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Integration of presw.we~.—A discussion of the precision and accuracy of the lift and drag
coefficients derived from pressure measurements introduces several new considerations. It
has been pointed out Lhat the values would not be expected to agree with the forces obtained
by direct measurement because of the absence of the skin friction in the pressure integration.
This effect would be most pronounced in the drag coefficients which would accordingly be some-
what too low. In addition to this, it must be remembered that the pressure distribution was
taken at the mid-section so that the results ,of the integration do not apply to an airfoil spanning
the stream but to a single section only. These two factors should be studied by making force
measurements on the same airfoils, and it is hoped that this can be done at a later date.

There still remains a final consideration, namely, as to the accuracy with which the resuItant,
action of the pressure distribution has been computed from the pressures at 13 stations. It is,
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Fm. 15.– Comparison of measurements on airfoil 3 at 2 inches (solid curve) and 4 inches (dotted curve) abo~e the pIane of the
orifice mouth. h’rrrnbers on crmes denote stations

of course, impossibIej strictly speaking, to estimate this accuracy without measuring the pressure
at a very large number of stations, since we have no a priori knowledge of the form of the pressure-
distribution curves. We can therefore only express an opinion as to the probable accuracy.
To obtain a reasonable basis for this opinion we have followed the older method of drawing in
curves connecting the points in a reasonable way for a number of cases, and have compared the
values of the coefficients obtained by the use of a planimeter with those obtained by the numer-
icaI method. TabIe V shows typical results. The average difference withouk regard to sign

is 0.01,which may be taken as a measure of the precision of the normaI force coefficients,
The tangential force coefficients are subject to a somewhat greater error l)ecauso of the

absence of stations near the Ieading and trailbg edges. It is estiinated that the values given
are within 0.03 of the values that would have been obtained if it had been possible to use a
Iarger rmmber of stations. The comparative vaIues are probably correct within 0.01 to 0,02
as judged by the smoothness of the results. From this it follows that the drag coefficients are
correct within about the same limits,
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The moment coefficients xere computed by an approximate method described in the
section on integration of pressures. The exact. method was used for a few cases and found to
gi~e moment coefficient values differing b-y 0.007 from the approximate dues, and center of
pressure positions (in the flatter portions of the curve) differing by 0.02. It was not believed
profitable to carry through the exact computations in all cases because the time required would
ha~e been very gred and the chief interest is in reIati~e rather than absoIute values.

T.4.BLE 1’

COMPARISON’ OF h’ORMAL FORCE COEFFICIE1-TS E>” GRAPHICAL _4XD XUZvlERICAL METHODS
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OBSERVATIONS OF FLOW NEAR THE AIRFOILS

A description was given iu Repori hTo. 207 of the Na&ional Advisory Committee for Aero-
nautics of the behavoir of an oiI & on the surface of an airfoil at high speeds. Some addi-
tional observations -were made at Edgewood and Figures 16 and 17 illustrate the type of pattern

Fm. lfi.-OiI flow pattern on the upper surface of airfoiI 1 at @ angle of attack, ~c=I.&3. The flow of the sk stream is toward the top of the
Wge- NOte the seParatiOU from the surface shown by the ridge ofstatiomry ofl &tabout 0.43the chord Iength from the Ieadh.g edge. The
diameter of the orifke k twice the chord Ienggh of the airfoil

formed. The technique of observing flow near a surface by oil f21ms has been de~eIoped at
llcCook FieId and elsewhere. The photograph in Figure 16 shows a.flm of oil and lampblack
on the upper surface of airfoiI I ati 0° to the wind at a speed of 1.0Stimes the speed of sound.
Figwe 17 shows airfofl 6 ~der the sme con&tionsz The flow over the greater part of the
upper surface is in a direction opposite to the gener~ direction of the stream and the air moves
off in the familiar tip eddies whose traces are shown at the boundary of the air stream. It
appears that the region of IOW pressure is broken do- by a flow about the trailing edge from
the Iower surface and that, there is a separation of the main stream from the upper surface.

Time was noi a-m-iIabIe to study t~ phenomenon in detail at Edgewood, but. further
observations of a similar qualitative nature were made in a 1.2-iuch jet at the Bureau of Stand-
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ards at a speed of 0.65 times the speed of sound. It appears that flow around the trailing edge
does not occur in all cases, but that there may be a region of reverse flow and eddy formation
over a limited area, on the upper surface. In the case of the thin airfoils the disturbance begins
as the angle to the wind is increased, in the region just behind the maximum ordi~atc, whereas
with the thickest airfoil of 0.20 camber ratio it begins at the trailing edge. With the airfoil of
0.18 camber ratio the disturbance begins nearly simultaneously at both places. “

Flow of oil mixtures of this type depends on gravity, viscosity, surface tension, adhesion,
and other factors and the question was raised as to whether the oil flow corresponded to the air
flow or merely to differences in pressure. An attempt was made to answer this by feeding threads
through the tubing inserted in the airfoil so as to project from the airfoil through the pressure
hole. (The threads were readily drawn through by a suction pump.) The threfids indicated
the same clirection of flow as the oil on the surface. As a further check, a small exploring tube
with projecting thread was constructed to explore the regions at greater distances from the
airfoil. It was found that the presence of the exploring tube changed the oil flow to some extent.
Nevertheless it appeared that the layer of reverse flow is extremely thin at its initial appearance
but becomes thicker as the angle is increased until it is a millimeter or more in thickness.

I~=,-&-:.’ L-:

,---?. .. ...—. ,.

:. . .. . . ,,.,,.

I I
FrG. 17.—Oilflow pattern on tire upper surface of airfoil 6 at 0° angle of attack, V/c= 1.08. The flow of the oir streum 1stoward tbe top of the

page. Note the separation from the surface slmwn by the ridge of stationary oil at about 0.29the chord length from the leading edge. The
diameter of the orifice is twice the chord length of the airfoil

A change in flow thus begins in a fairIy sudden manner in the boundary Iayer on the upper
surface immediately behind the maximum ordinate for thin airfoils at the lower speeds, and at
the trailing edge for thick airfoils at the lower speeds. At the iower speeds the change takes
place at comparatively large angles and is analagous to the well known burble point. At the
higher speeds the change takes place at small angles and is accompanied by a rapid decrease in
lift coefficient and increase in drag coefficient.

At V/c= 1.08 standing compressional waves (bow waves) were observed at a distance of
about 0.5 inch in front of the leading edges of the airfoik

DISCUSSION AND COMPARISON WITH EARLIER WORK

A carefuI inspection of the pressure distribution curves, Figures 4 to 9, shows the existence
of regions characteristic of flow of the type described in which there is a separation from the
surface. For example in Figure 6 for airfoil 3 the distribution over the upper surface for a speed
of O.5c at 24°, shows a sharply defined peak followed by a region of nearly constant decrease in
pressure such as is found in the case of a cylinder or sphere where the flow breaks away from the
surface. A similar distribution may be observed at 0.65c at 20° and 24°, 0.8c at 16°, 20°, and
24°, 0.95c at 4°, 8°, 12°, 16°, 20°, and 24°, and 1.08c at a]] positive angles, In fact it is possib]e
to trace a rough locus of speeds and angles at which the change takes place, The steps in speed
and in angles are unfortunately so far apart that the exact position can not be plotted, but it
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may be seen that for thick airfoils at a given speed the break occurs at Iower angles and at a
given angle at lower speeds than for the thin airfoils. The location of the change in flow is
facilitated by the fact that for the burbling type of flow the pressure at. the trailing edge is lower
than the static pressure whereas for the smooth high lift type it is higher than the static pressure.

It. must be remembered that no trace of the break can be detected in the pressure dis-
tribution until the flow is changed at one of the stations at which observations were made,
so that the break in the pressure distribution as given appears less sharp than it realIy is. It
seems evident> from the -risua.l observation of the oil ffow, that the change in flow takes place
suddedy, but that. it is corfmed to a smal area at first and spreads rapidIy as the speed or
angle is increased. The evidence of beginning in a smalI region gear the maximum ordinate
in the case of the thin airfoik is not entirely clear from the pressure distribution curves aIone,
although indications may be observed, espec~aIly in the case of airfoiI 4. In the case of airfoil
I betm-een 16° and 20°” the oil flow experiments show that the re-rerse flow be.tis and spreads
beyond the last station for pressure measurements, so that only in exceptional cases can the
origin be traced on pressure distributions taken at intervak of 4°. The spreading is even more
rapid for airfoil 6.

These rapid changes of flow are reflected in the lift coefficient curves (fig. 11} with a stfi
greater reduction in the sharpness of the break. The sudden burble. points are -rery “noticeable
in most cases for speeds of 0.5c and 0.65c. For the thin airfoik there is a rapid change in the
lifi coefficient with speed between 0.8e and 0.95c for all the lower angles. Simdar changes
occur between 0.65c and 0.8c for the thick airfoils.

These curves give in a more systematic manner than was possible in Report No. 207 the
wmiation of lift coefficient with speed at all angles from —20° to +24°. The same shift of
the angle of no Iift first to high negati~e angles and then to 0° or a small positive angle is shown

in more detail The increase im lift coefficient at large negati~e angles, folIowed by a rapid
decrease as the speed is increased, is traced to negative lift coefficients. The changes between
0.5 and 1.08 times the speed of sound increase with increasing thickness, and there is ever-y
reason to believe that, the same decrease may be expected for airfoils of smaller camber than
0.10 at higher speeds. The minima in all curves at high speeds and in the curves for the thicker
airf& at low speeds are associated with the large suction on the lower surface near the leading
edge which de-relops near OO. It is probable that this effect would not be present with a more
rounded leading edge or on a doubly cambered sect~on.

A comparkon of the lift coefficient curves with those given in Report 207 dI show that the
Edge~ood values are lower, as would be expected from the Ioyer aspect ratios. The results
can not be direct.I-y compared, since the Edgen-ood values apply only to the mid-section, and
the form of the Iift distribution curve along the span is not known for these speeds.

The rapid change in the lift coefficient in the Edge-wood experiments occurred at a value
of F/c about 10 per cent greater than at L-ynn. The chord kmgth used at Edgewood vm.s one-
third that used in the Lynn measurements. Therefore the Reyriolds h~umber at which the
rapid change in the lift coefficient took pIace at Edgewood was only about one-third that at
Lynn. The change in the Lift coefficient appears therefore to be much more definitely associated
with V/c than with p Vi/P. In other words, the compressibility effect is predominant.

There are two possible explanations for the somewhat Iarger value of ‘J<Icat which the
rapid change in the lift coefficient occurred in the Edgewood experiment-s. First, the Reynolds
Number may stilI have some effect. Second, a possible aspect ratio effect. For exampIe,
photographs taken in the 1.%inch jet indicate thati the change in flow takes pIace at a greater
angle of attack than in the 2-inch jet for airfoil 6 and at approximately the same angle for
airfoil 1. Lloreoyer at ordinary wind tunne~ speeds the burb~e point occurs at a greater angle
of attack for the smalIer aspect. ratio. Hence it is possible that the exact angles and speeds at
which a change in flow takes place vary with the aspect ratio.

TThen ve come to drag coefficients there is a somewhat different state of affairs. W’e should
expect the drag coefficient computed from the pressure inteo~ation to be lower than the true
drag coefficient becmse of skin friction. Ke might aIso expect the coeEicient for a section near
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the center to be somewhat lower than the average for the whole section. Hence it is probable
that the total drag coefficient for the whole section is greater by some unknown amount than
that computed from the pressure distribution. However, the values computed from the pres-
sure integration at Edgewood are very much higher than those obtained at Lynn at angles
near OO. We should expect the drag coefficient for the whole section to be somewhat higher
than the Lynn values owing to the smaller aspect ratio, but the difference is too great to be
attributed entirely to an aspect ratio effect. It seems highly probabIe that there is a compara-
tively large effeci of Reynolds Number on drag coefficient even at these high speeds. We hope
to obtain more definite information on this poi~t in later tests.

The drag coet%cient curves given in Report 207, Figures 16 to 21, show a rapid rise in
coefficient for angles near 00, as, for example, Figures 21 for airfoil 6. The maximum speeds
reached in most cases were between 0.8 and 0.95 the speed of sound. The Edgewood tests
(fig. 12) show that this rapid increase is foI1owed by a region of nearly constant coefficient, and
in fact there is some indication of this in a few observations in Report 207. In other words, the
drag curves are probably somewhat similar to the well-known Gavre curve for projecti~es.

The center of pressure curves (fig. 14)give a more detailed picture of the backward motion
at the usual working angIes. These require little discussion, since they merely reflect the more
even distribution of load at the higher speeds. The behavior at negative angles corresponds
to the zero lift positions, of which there are three in some cases.

The moment curves (fig. 13) show that the effect of the reduction in force coefficients is
greater than ~he backward motion of the center of pressure, so that the moment coefficient is
in general reduced by increase in speed at a constant angle.

There remains for discussion but one observed fact which is not represented in the coeffi-
cient curves. The actual value of the. maximum decrease in pressure on the upper surface
seems limited, the average observed maximum value for all speeds greater than 0.5 the speed
of sound and for all airfoils being approximately 32 cm. of Hg. The largest single ~alue of
pO–p observed was 37 cm. Hg. or PIP, = 0.51. This ratio is not far from the criticaI ratio for
air, namely 0.53, and this observation suggests that in an air stream in which the flow obeys
the law of Bernoulli the pressure can not decrease indefinitely but reaches a limit as soon as
the ratio of the pressure to the static pressure at a large distance in front of the body causing
the pressure change reaches the critical vaIue of 0.53. Lower pressures may be produced in
“dead air” spaces where the flow leaves the surface of the body as on the lower surface of the
airfoils near the leading edge. In this case the pressure decreased to about one-fourth of the
atmospheric pressure.

CONCLUSIONS

The changes in the aerodynamic characteristics of airfoils at high speeds have been studied
in detail by means of pressure distribution measurements and a more extensive and more sys-
tematic series of observations has been described. The conclusions of Report No. 207 have
been veriiied and extended to higher speeds. Observations have been made of the air flow near
the surface and correlated with the force measurements. Large changes have been shown to be
associated with the sudden breaking away of the flow from the upper surface.

It has been shown that the variation in lift coefficients is due very largely to a compressi-
bility effect, although the additional effect of viscosity can apparently still be traced in the drag
coefficients.
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–. 30s —.329
–. m –. 301
—.227 –. 20s

0.567 ~ 0.330
–. MO

–L ffi2 ; ––i%-
–_l :3 ! –L 2i7

–. 4-Z? I z w
–.041 I -.024
–:~ ~ .247

I
.2s7

.126 .222

.097 .161

.101 .134

.113 ~ .113

~r~= 0.30

L 031 0.95-5
.562 .431

—.193 ~ –. 369
–. ~1 —.xa
–. 6s6 –. 336
–. 554 –. 501
–.215 –. fH9
–. 372 –. 5s3
–. 401 –. 594
–. 393 —.435
–. 336 –. 119
—-152 .036

.W6 .122

L~&I Lug

.1S6 ! -. (XI7
–. 165 ! —. 347
–.43L I -.503
–. 546 : -.591
—.W [ -.3,55
–. 240

!

–. 276
–. 246 -. 2%7
–. m .-.314
–. 2% --333
–.%3 ~ -.2.54
–.201 [ -.147

0.T%
.L22

—-756 i
–. 974 I
__~ !
–. 370 i
—.117 ,
–. 110 ,

.044 :

.102

.075

.066 ;

.W2 i

o.56s
–. 071
–. 772
—.773
–. 497
–. 439
–. 240

.215

.256

.263

.135

. 09L

.002

0.360
–. m
–. ml
–. 514
–. 445
–. 434
–. 23s

.418

.421

.317
-m
.126
.016

L--i
2--.--:
3---..-!
4-.-.-,
5_-.-...l
6--. --;
‘- ..-..-;
8-----!
9----..’

10--------
11-------
12-----’
13------!

L No ~
:&z [

.174 1
–. 214 [
–. m
—.494
–. 1s$3
–. 200
–- 214
–.233
_. 332 !
–. Ig3 I

0.133
–. 501
–. 39a
–. 349
–. 405
–. 434
–. 330

.613

.574

.432

.278

.1s3

.042

–o. 123
–. 602
–. 335
–. 311
-. 3i3
–. 404
–. 305

776
: 7L5
.549
- 3P
.248
. 0:s

.

I ..—.—. ——
v/c=o.95

l------
2-------
3------
4_- . . . . .
.5------
6--... --:
1 -------
8-------
9-------

lo. --:---:
11._---d
12--------
13...-..3

L 236
1.091
. 03s
.276

–. 139
–. 436
–. 462
–. m
–. 22s
–. 240
–. 259
–. 251
–. 215

u.881 ! o.m
.3<0 1

:%J ~+j
–.366 ! –:391
–.334 / –.353
—.571 .IQ9
–.070 ~ .273

.097 f . N7

:% j
.124
. m

.006
I

.010

L 232 L284
I. 039 .91s
.422 .322
.E27 –. 0L5

–. 267 –. 496
–. 546 –. 536
–. 47.$ –. 402
—. 225 –. 240
—. 249 –. 265
–. 25s –. 276
–. 260 –- 297
–. 271 –. 292
–. 2.?6 –. 226

Lo& ! o.9s6
. ‘ii

–. 134 –. 2s7
–. C534 –. 625
—. 552 —. m
–. 335 –. 365
–. 2:i –- 297
–. 949 ~ –. Sls

::~ / :3y;
–:133 \ -0.36

.W9 [ –:%:

0.153
–. 4L2
–. 258
–. 279
–. 2s5
–. 307
–. 238

. a3-7,56

.594

.399

.261

.108
1

L 162 ~ L L12
.S02

I
.699

.161
-.225 –: n
–.5s!. I –.642
–. 540 –. 4$5
–. 330 –. 24I
-281 –.401
–. 304 –. 443
-.317 –: 407
–. 324 –. 36s
–. 301 –. 2$2
-.2L9 ~ -.146

0.5s6 : 0.3i7
–. 002 -.241
—.502 ! —.2%
—. 332 ~ –. WI
—. 347 ~ —. 332
–.365 ! –.351
–. 232 ~ –. 306

:g- I :E
.333 / .467
.207 ; .303
.121 [ . 1s5
.035 ~ .666

v/c=l.os

L 039 (3954
. a~o .454

–. 113 –. 229
–. 434
–.3fJ1 I :22
–. 313 –. 326
–. 302 –. 319
—.570 –. 3s1
–. 440 –. 181
–. m -0s1
–. 294 –.ILI

-:~ ] :g

L 179 L1L2
7K5 . 6s2

:164 -026
–. 207 -.330
-.413 –. 367
–. 285 –. mu
–. 229 –. 2?51
—. 790 –. 6S7
-. n+ –. 625
–. 64% –. 469

:;% , :;~

–.ms .065

0.my 0.no
.332 .174

–. 342 –. 407
–. 327 –. 2s7
–. 30s

I

–. 2$’9
–. 325 –. 364
–. 322 –. 323

.09?3 . 4ii

.330 / .481

.2s4 ~ . 36U

.073 } .193
–-w ~ .064

.033 ~ .0?s

0.,535
–. 040
–. 405
–. 25s
–. 275
–. 301
—. 2i5

. 6S1

. E40

.493

.349

.151

.~~

o. 33a
–. 2i’4
–. 223
–. 236
—. 254
–. 293
–. 236

. S4s

. i&l

.618

.408

.249

.107



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

OBSERVED VALUES OF ~, AIRFOIL 4

v/c=o.N

REPORT

Angle of attack I
,

24” I

----1

.
– 12” –8° 1 – 4“

——

0.970 , 0.901
.521 I .224

–. 208 –. 429
–.546 ! –.695
-.548 ~ –.602
-.721 –. 668
–. 478 -.328
–.300 : –.382
–.316 , –.397
–. 334 –. 40+
–.350 –.362
–.303 , –::!:
–.133 -

8° 12” 1 16” 20”
-

–o. ml
—.776
-.414
-.381
–. 413
–. 487
–. 352

.572

.505
,364
.286

:::

—l—
0.253 –O. 048

–. 952 I –L 359
-L 511 ~–1. 819
-I. 322
-.562 t ‘~: ~;~

~g ~ -:;E
.463

.244 / . 4oa
191 .301

:ml I 198
106 :148

:101 .105

1.017
.582
.002

–. 380
–. 482
–. 736
-.474
–. 270
–. 291
–. 305
–. 332
–. 315
–. 208

-- ;:: ~
–.312 1
–. 324
-.369
–. 453 !
–. ::! I

: G12
.471
.306
.197
.037

-1 . . ..- .—
.

0.109 -0.095
–. 793 –. 7’37
-.436 –. 373
-.303 –. 351
-.407 –. 416
-.478 -.403
-.357 ; -.345

.011 .777

.534 I .875

.390 j .510 ~

.25: , .332
.221

:032 ~ .055

—. ..
L 061 \ L 019
.624 !
.062 1 –: f~g

–. 3%1 —.544
—.502 ; —.560
–. 823 , –. 769
–. 548 –. 444
–. 255 -.230
–.26L ~: –. 305
–. %6 , –. 315
–. 310
–.294 :’:%.
—.208

I

0::6J

–. 334
—.701
-.603
-. 7W
–. 243
–. 362
–. 377
–. 386
-.351
–. 198

.037

0.891 0.792
.112 –. 120

—.517 –. 737
–. 851 – I. 0%2
–. 653 —.555
–. 661 ~ –. 662
–. 113 –. 045
–. 519 –. 639
—.539 –. 45a
–. 460 –. 103
–. 162 .059

.067 .079

.149 .116

0.651
–. 365

–L 025
–1. 315
–. 494
-.555
-. (O6
-.319

.015

.102

.095

.089

.096

0.449 ~ 0.313
–. 662 [ -.718

– L 296 –1. 184
; – L 346 –. 419
: -.544 –. 402

–. 371 –. 474
–. 023 –. 361

I :% :g

1.51
~. k; ~ :HJ

L 082

: ;:!
-.200
–. 407
–. 812
–. 524
.-.243
–. 252
–. 274
–. 299
–. 28’3
–. 224

t _J. . ... .— .—
V/c=O.80

.
,

L 055 0.986
425 ~ .280

-:164
-+ &38 ~ s ;;j”
—.768 –. 881
–. S00 ; –. 622
—.202 –. 064
–. 370 –. 617
–. 362 -.563
-. 3S5 , –. 463
~: +1.gh

:(&
–. 014 ~ .109

!
~ 0.912

. 11s
‘ ““-.491

–L 012
—.742
–. 419

.–.091
-.774

\’:::

.064

.050

0.30s
–. 000
–. 666
-. S52
–. 551
–. 412
–. 226
-. .5s2 t
-. 17s

.073 !

‘O.674
-.253
—.7L3
–. 477
–. 434
–. 448
–. 316
–. 034

.221

.176

0.509 0.318
-.432 –. 607
-.617 –. 567
–. 397 –. 339 i
–.411 ‘. 373 i
–. 449 -.42S
–. 344 –. 330 !

.384 .618 I

. 3s7 .543

. ZWJ . 40s

0.109
–. m
-.826
–. 312”
-.339
-. 39s
-.312

.792

.091

.534

1-------
2. . . . ..-.
3--------
4.-... -:

;::;:;::1

s... -----
9.- . . . . . .

20-------
ll. --.-..=
12. . . . ...1
13-. . . . . .

1.160
.964
.53-4
.091

–. 248
–. 82L
—.501
–. 201
–. 204
–. 179

L 153
. S51
.371

–. 06a
–. 377

; –. 899
-.537
~: ;;;

–. 214

1.133
.721

–: 2!
—.506
–. 910
–. 4ss
–. 236
–. 247
-.247

L 099
.577
.012

–. 466
–. 662
–. 849
–. 404
–. 271
-.276
–. 280
–. 291
–. 276
–. 151

.137 .193 ;~ I . ..350
.122

I
.243

-. ml .029 .009
—

–. 19+
–. 232
-.186

–. 264

–. 2?7
–. 205

.090
-.019

, ,

v/c=o.95

0.330
-.535
–. 2?5
–..260
-.261
–. 302
-.205

. ;::

: 577

.392

.207

.09s

L 009 1-- 0.926
.311 I .169

–. 2S5 ; –. 381
–. 627 -.435

-–. 400 ‘ –. 353
–. 341 [ -.371
–. 314 -.346
-. 94S ~ -.764
-.733 -: g5
–.432 ‘

.6$0 .032

.080 .055
–. 022

I
–. 024

L 07s
.444

–. 0s1
–. 643
–. 535
–. 326
–. m

–: :2;

–. 688
–. 066

.007
-.021.

0.S23
.016

–. 508
-.343
-.338
-. 3s7
–. 360
–. 194

.204

: W
. 0?32

-.006

1------- 1.233
2....... L 046
3....... .640
4..----- .187
5..----- –.17s
6.-..... –.664
7...--..–.532
8....... –.224
9.-..-.. –.219

10. . . ..-. -.238
11. . . . . . . –. 254
12------- –. 249
13..-._.. -.205

L 231
.947
.494
.017

–.347
–.696
–.480
–.245
-.249
–.263
-.279
–.270
–.226

L 21’s
.337
..345

-.173
–. 493
–. 632
–. 428
-.263
-.266
–. 285
–. 301
-.287
-.239

1.177 : 1,138
.711 .577

_: y& [ .052
–. 529

–. 580 -.620
–. 526 -.396
–. 383 i –. 266
–. 299 I –. 416
–. 301 ~ –. 409
–. 327
–.326 I =:&
–. 309 _, 324
–. 234 –+ 177

. ~=.,—=.-
v/c=1.0s

1

L 234 L 266
1.0% .912
.603 .469
.133 -.037

–. 241 –. 354
–. 444 -.348
–. 318 —.301
–. 253 —:277
–. 264 –. 285
–. 269 –. 297
–. 2s5 ~ –. 303
–.277 -.294
–.236 ~ –. 249

L 236

:W
–. 188
–. 417
–. 336
–. 2S4
-.327
–. 335
–. 358
–, 333
–. 323
-.256

1------- 1.2SQ
2. . . . ..- L 115
3. . . . . . . .726
4. . . . . . . . 2S9
5. . . . . . . –. 111
6. . . . . . . –. 516
7... ---- –. 310
s.. . . . . . -.230

$::::: I ?g

:;,,,,,,,j :;;;

o.99s ‘ 0.912
.302 ~ .175

:;;; / :: ;::
-.322 –. 307
–. 314 –. 311
–. 313 –. 321
-.5’23 i —.220
–. 270 . 2C8
–. 065 { . 1s2
–. 156 , 0C4

.106 : .Cos

.082 , .021

0.794
.015

–. 402
–. 273
–. 297
–. 298
-.301

. 3W

.440

.334

.174

. 0G9

.009

0.664

I

0.486
–. 163 –. 318
-.350 -.199
–. 205
–. 2@ 1 =:x
–. 2X I -.260
–. 291 –.261

.673 . 8C0

.604 . 75s

.472

.288 : ;::

.140 .241

.034 .031
I .



PEE~%URE lXSTRI13UTIOM OVER AIRFOILS AT HIGH SPEEDS

OBSERVED VALUES OF ‘~> A.IRFOIIJ 5

v~c=o.m

Angieof attack

i
—4° ! 0° i 4°

!

I
—. .

Station

.. .--e–P —8”—29” —16”

-..
L

- I—L t
0.936

I ‘ ~.7M&g@ :
.3s0 ..ms , . 01s

L &:9
.Sa9
.212

—.23s
—.497
—.640
—.517
–. 260
-. 2s9
–. 232
–. 309
–. w
–. 223

1.-. . .
9--------

L 051
.s44

.W1
-.067
–. 393
–. 537
–. 4i3
–. 252
—.ml
–. m
–. 301
–. 295
–. 27A

1.Cm
.6s3
.W4

—.444
–. 5s
-. 6TI
–. 541
—.266
–. 2i3
~ p;

o.W
.539

—.214

–. 62S
–. 663
–. S&2
–. WI
–. m

w.—..
–.315
–. 336
–. m
–. i39

-.425
—.797
—.710
–.*
–. m
–. 34J
‘. 376
–. m
–. 357
–. 23s

.Coo

3-------
.‘z. . . . . .
5-------
6-------
(-------
s-- . . . . .
9.- . . . . .

10.. . . .
Ii-------
12-------
13. . . . . . .

-.. —

–. 310
‘m—..

-

P-;c=o.s?)

Lm; ~ “L%

.2i9 I .Ct3i
–. LF –. 4X!
—-524 –. 6233
-- ~~ –. 734
–. w- –. 612
—.243 —.2:0
—.246 –. 24s

:3 i :~:
—.293 j –.WO
–.220 , –.20s

t .—
1.W.@
.632

–. 105
–. S@
–. SS6
—.72?
–. w
–. 263
—-.27S
–. 2s2
–. 32Q
—.297
—.15%

i L%
–. 304
–. 769
–. 727
—.70.5
–. 247
–. 344
–. 380
–. 373
–. 352

! —.234
–. C06

o.93s
.365

—.492
–. 910
–. S14
–. WI
–. 0s5
—.518
–. 534
—.462
—.215

.022

.151

0.w.
.196

—.747
–-L ET
–. w
–. x

0.711
–. (J12

-L 047
–L 321
–. 726
—.432

-: E
.0.59
.076
.0s6
.07.4
.102

0.533
—.214

–1.3m
–L 345
–. 684
–. 3oi
–. I_E8

.135

.260

. ~g~

.139

.093

.074

0.349
–. 239
–. SW
–. ’40i
–. xi
—.4$35
–..34i

.325

.334

.255
- l.%

–: E

0.133
–. 434
–. 6s3
–. 3al
–. 3il
-.44.5
–: 329

. W

.519
-372
. 2*O

–:%

[
–0. 113
–. 610
–. 364
–. 31s
–. 36s
–. 435
–. 330

:E
.495
.32I
.195
.03s

I

——

——=-I t
T:?c=o.so

.
I.--J 1.166
2. ...-.! L036
3-------- . w.
4.-. . . . . . -06s

1.113
.743
.049

–. m

L Oil L o-w : 0.956
.625 : .516 . m

–. 129 –.30S ; –. 476
–. 697 : —.#s44 —.!312
–.WI {;:~ } –.66s

–.s4s , –.4s0 –. 39Q
—.212 –.~: ‘ —.~

-.34, ‘{:% ) -.s16

~. {~~ ~ -.62.5

—.. –. 310
–.3s3 [ –k% : .000

~. { -:fi: } .02s
.046 !

I
.015

0.S55 0.729
.117

–: ~ –. S90
—.S59 _. by

—.516 –. 423
–. K6 —.4~J
–. 2SU –. 344

0.3i3
—.041
–. 624
–. sol

o.3s5
–. 201
–. 3s7
-.456

–. 3i6

-. m
---3~4

.574

.551

.395

.2s0

.149

.01s

0.176
–. ~~
—..
–. z
–. 339

–. 3s6
–. 2%

. i&3

. m

.520

.352

.215

.060

-.
.—

5--...! –.323 –. 44s –- 643

—.702 ‘ -. 73s
–.SM ; –-m
—.191 ~ —.232

–. SOS
_. ;52
—.KS
–. 249

–. 399

“–. 419
–. 35s

.326

~-__[ ~5&
,-----..: ..—

__ .
S-_.. -.., -.1ss –. 654 –. 111

:.
—.214 : —.235

—.234 \ –.251
–. 250 –. 28.s
-.219 ; –. 2$3

—.1SS ~ —.197

9--... --: –.232

lo ----- –.2Z
11-- . ...-! –.233

%s—.-

–. 2s1
–.310

–. 252
–. 156

—.M
.027
.059

.-

–. W

.249

149 .270
:10.s/ .la
.039 , .IE7

–.02s : –.om

12.. . . . . . –. Lwl

13-. . . .._. –. 181

F.C=O.95

1--! L234.-------- j

]:::::::[ :3
5. -.. -._.
6----.-, –.s35
L------- —.411
s... -..: –.223
9---..-1 –.2?s

10.-...J –.241
il.=- . . . . . —.267
12------- –.X4
13-_-.. -T –.214

1.041 ‘o.972
.561 . 4s

–.22s i –.3s0
~$’ I –.518

–.3JI I Z:z
–. 320 I –. 353
--~ ~ :jg—., ,
–.% [ .967

.073 . 0s1

.056 -o~’f
–. Om ~ -.025

L 222

L W6
.53s
-032

—-Q4
–. W
–. 392
—-@
—.249
–. 23$4
–. 2s6
—.2i9
–. 231

L 216
.’363

–: R
–. $24
—.524
–. 363
—.~fi
—.-TO
–. 2s9
–. 3a’3
–. 29:
—-246

L 192
.361
.225

–. 304
,–. 5s7
—.~i~
–. 32.s
–. &J
–. 326
—.332
–. 3=
–. 332
–. 249

0.97 I 0.3s3
.025 –. m

–. 459 –. 391
–. 623 –. 3ss

:~ ~ yj

. 79S
.56s ; - ~~
.423 .55s
.269 ; . S71
.154 I .234
.049 .Wj

VC=LOS

L 09s
.65s

–. 05U
–. 4W
–. 33s
–. 302
.-.-W4
—.704
–. 55s
–. 393
–. 3ES
–. 123

.143

.;
Lo2i 1 0.9’44
.552 ~ .&s

–. 32.5 : —.2s2
-.45 –.325
_.3;~ ; _.~
–. 3~1 –. 315
–.314 –.291
–.= ! –. 352
–. 339 ; .241
–. 1= .156
–J30 .044

.017 i .I$15

.J.H ! .02s

,
0.826 0.6ss
. 32i . ls2

–. 413 –. 4ss

::~ / z%
ti—.-

–. X6 –. 244
-3$0 . 61+
.43s , . m
.% L .454
. m .270
.03J1 .125
. 02C .Ws

1--.-...,
f--.----
3.-----

L 2s!
L 1s3
.755

1.2s2
1.C?31
.625
.164

-.277
–. 319
–. 329
—.254
—.254
—.269
–. 293
–. 3s4
—.242

L270 L241
L 012 $ ~g~~
.<~ ~ .356
.013 —.XMI

–.409 : -.~x
—.~z \ —.293
–. 32$ –. 269
—.>74 ! —.-%3
—.273 ; —..302
–.2s9 , —.325
—.30i ~ –. X35
–.299
–.- I z:%

.$....... .2X3 j
5------- -.159
6._-–_, –.34S-.. .—i. ----- -.35+
8.- . . ..- -.233
9------ –.23s

10. . . . . . . _e~~g
n--_--., –.274
12.-..-..; —.2io
13-. ..--.! -.215

---
-_



REPORT NATIONAL ADVISORY COMMITTEE FOR AERON.4UTICS

OBSERVED V.4LUES OF =, AIRFOIL 6
q

v/c=o,5il
—— .

Station 1

t I -200

I 1. . . . . . . I. 050 ~
2. . . . . . . . .926

4. . . . ...1 –:2:
3... -...1I
5. . . . . . . –. 473
6....... –.6$38
7. . . . ..- –.552
8. . . . ...! –.239
9. . . . . . . —.244

10. . . . . . . -.267
11. . . . . . . –. 292

i :;::::::: : R

Angle of attack

-16”

1.047
.835
.232

-.302
-.576
-.7’40
-. W?o
-.246
-.257
-.271
–. 296
-.285
-.220

L 037
.718
.032

–. 489
–. 667
-.766
–. 623
–. 237
–. 252
–. 269
–. 2913
-.285
-.206

1.OQ7
.588

–. 178
–. 678
—.738

/ :;~

i :%

1

–. 316
–. 293
-.159

I 0.96$
.445

-.393
-.844
–. 788
—.729
–. 276
-.317
-.327
-,332
-.349
–. 231
–. 035

i. “&o
.089

–. 858
–L 151
-.889
7.63’4
~..Ll72
-.620
–. 548
-..213

.048

.063
.12.5

0.693
–. 161

-1.167
-1.301
–. 9.S8
–. 575

.02$
–. 491

.033

.064

.607

.067

.100

I 0.511
–. 451

–2. 490
-1.454
—.727
-..505

..019
.067
.227
.152
.120
.096
.104

0.288
—.70s

– L 824
– L 630
—.736
-.405
-.007

.365

.338

.259

.179

.134

.101

I 0.008
-1.693
–. 634
-.325
-.611
–. 237
–. 076

.466

.422

.383

.205

.116

.691

0:g; ~

-.600 ~
–. 992 ~
–. 830
-.-718 I
-.143 I
–. 471
—.522
–. 455
–. 232

.023

.163 j

I
I
i

I

!

I

I I.—.l— —1 .,–l I=j

V/c=0,65
-

0:y;

–. 626
-1.156
-1.005
—.534

.012
–, 622
–> 586
-.300

.061

.084

.127

I......-
2. . . . . . .
3... -...
4. . . . . . . .
5. . . . . . . .
6. . ...--’
7.-...-.
8. . . . . . .
9. . . ..-.

10. . . . . . .
11. . . . ..-
12. . . . ..-.
13.. -....,

1.106
.973
.498

–. 090
–. 498
—.767
–. 665
–. 216
–. 2,20
–. 237
–. 247
–. 25s
–. 186

1.102
.902
.329

-.271
-.610
-.816
–. 698
–. 228
-.225
–. 252
-.260
-.-255
-.193

1.071 I 1.035
.688 ; .557

–. 043 -.235
-.650 -.824
-.787 -.852
-.804 , -.784
–. 467 , -.267
–. 245 ; -.311
–. 251 -.340
–. 263 -.339
–. 301 -,345
–. 261 I -.215
–. 156 , .022

0.986
.419

–. 424
–L 006
–. 898
–. 653
–. 063
-.442
–. 496
–. 453
-.240

007
.149

0.820
.004

-,876
-L 335
–. 985
-.434

.018
-.549
-.115

.069

.086

.081

.093

0.691
-.123

–L 016
–L 323
–. 671
–. 312
-.286
–. 039

.205

.155

.126

.086

.064

I
0.5$2

–. 195
-.700
-. 4&3
–. 372
-.448
-.370

.232

.323

.235

.174

.084
–. 067

0.415
-.340
–. 564
–. 386
-.351
-.411
-.346

.484
.463
.343
.231
.134
.017

1.095
.S07
.148

; 4J:

–. 819
-.651
-.222
–, 226

0.230
–. 457 I
‘. 304 I
-.341 ‘
–, 324 f
–. 361
-. 3WI

.W3 I

.605 ,

.464
; :;; t

.049 !

I–. 250
–. 269
-.250
–. 189 I.—— ——,

V/c=O.80

—— I

O,;g I 0,;;;
–. 578 -.570
–. 502 –. 378
–. 426 –. 379

1.130
. 79i

–: :::
–. 883

1.102
.689

-.032
—.760
–. 924
–. 632

L 058
.571

-.184
–. X38
–. 860
–. 427
–. 407
–. 192
–. M2
–. 646
—.524
–. 307
–. 229
–. og~

.036

1:j?

–..325
T.924.
–. 660

1. . . ....1 :15g L 155
2. . . . . . . . .992
3. ...-..’ :612 ; 463
4.-...4 .029 -.161
5. . . . ...1 -.433 , -.593

L 140
.90.5
.278

–. 353
—.756

0.931
.310”

-.483
–, 854
–. 545

0.565
–. 159
-.404
-.312
-.353
-.408

-.337
.543
.510
.387

.262
, 154
.033

0.394
-.311
–. 277
-.304
–. 302
-.366
–. 207

.759

.66s

.511

.

.
6. . . . ...1 -.736 ~ –.802 -. 83S –. 887

–. 425
-.241
–. 241
–. 259

–. 28+
-.269
–. 180

–. 401 -.415 –. 434 ! -.425

–. 354 -.349
–. 239 .310

163 .344
:151

i
.264

.111 .186

n::::::!;.; -.572

9. . . . . .. I –.176 : 1:;
10. . ..J –.18S -.198.

:;:::::::/ .-.194 -,214
–. 228 , -.243

13. . . ...-1 –.150 I –.171
I

-.548
–. 208
–. 200
–. 227

–. 223
-.360
–. 371
–. 367

–. 256
–, 774
–. 695
–296

-.324
-.677
-.366
–. 027

—.24S

–. 254
-.184

-.353 -.002 .0.32

.032 ;
-.025

.059 [ . *O4

I
–. 021

.1
.000

–. 271
-. 08S

.030”

.090
.221
.066 II

p-- --~

——
v/c=o.95

-%
1.223
1.077
.592
.006

–. 473
—.510
-.392
-.246
–. 249
–. 265
–. 279
–, 277
–. 235

I
L ~~~

1.020
.447

-.175
-. 5s0
–. 493
–. 35s
–. 269
–. 266
–. 289
-.302
–. 304
—.252

1.04!3
.476

-.270
–. 595
-.333
-.3.50
-.342
-.8$7
-.667
-.010

.077

.035
-.014

0.975
.356

–. 428
—.703
–L 325
–. 363
-.341
–. 454

.002

.137

.112

. o~~

.000

0.868
.2KI

–. 468
–. 358
-.342
–. 348
–. 310

.20.s

.361

.267
188

: 10s
.027

0.729

-. x$
-.27.5
-.294
-.323
-. 2s4

.535
, 5~(J
.404
.277
.162
.058

1.......! 1.230
2-. . ...-! L 143
3. . . . . . . . . T24
4. . . ...-1 . MS

j:::::::l :tii
1. . . . . . . . –. 393
8. . . . ...1 –.226
9. . . . . . . . -.231

IO. . . . . . . -.248
11. . . . ...! –.259
12. . . . ...1 -.200
13. . . . . . . –. 224

1::;! ! I. 182
.811

.297 . 15s
–. 347 –. 499
–. 653 –. 597
–. 411 -.304
–.315 –. 2s3
-322 ~ –, 428
–.3L5 –. ’417
-. 34s –. 433
–. 3*O –. 419
–. 342 , –. 333
–. 261 ~ –. 235

1.148

:R
—.592
-. 3s7
–. 301
–= 2g2

– 1.093
– L 032
—,552
_. 152
–. 0s2
–. 102

1.102
.-591

–. 100
–:552
~_;W:

-.336
–LO14
–= *O
–$;;

.071
–. 014

0.571 I
-.111 ,
-.230
_ ~~ ~
–. 264 ‘
-.302 1
-.209
, .759

.684 ,

.534

.304

.235

.096
1.-. J

,-,

- 1.

VIP=].08

1.097 L 036
.583 .478

-.123 i –. 25S

0.941
.338

-. ail
-.267
–. 30C

1.27?
.980
.419

0.827

-: %
-.244
-.282

0.763
.053

–. 185

-.2214. . ----- .264

5. . . . . . . -.246

6. . . . . . . -.342
7. . . .._. -.321
s....... -.228
9. . . . . . . –. 230

lo . . . . . . . –. 254
11-. . . . . . –. 268
12. . . . . . . –. 260
13. . . ---- –. 228

.Llo

-.372
I –. 045

–. 469

–. 193

-.480

–. 309 -.294

-.265-.283

-.297
-.309
-.466
-.439
-.219
-.192

.W3

.126

-.246

–. 283
–. 283

.220

.396

.269

.164

.660

.040

-.229

-.275
-.261

.562
,544
.420
.279
.138
.OG1

-,216

–. 252
-.249

:;%
.548
.371
.232
.113

–. 350
–. 315
–. 252
–. 252
-.275
-. 2s5
–. 279
–, 249

–. 343
–. 307
-.266
–. 268
–. 29o
–, 294
–. 291
–. 274

–. 305
-. X3?
–. 307
–.315
-.334
-.334
–. 320
-.293

-.209
–. 297
–. 448
-.125

:%
.669
.030

I



PRESSURE DISTRIBUTION OVER AIRFOILS AT HIGH SPEEDS

LIFT COEFFICIENTS, CL

AIRFOIL 1

!
; J-it

0.50
.65
.&)
.95

, 1.0s

Angle of attack i_@! —16° I 1.-8°1-401.”0l~:ls”bob”!ma lz~”i—L2”
-0.201 –o. 17i -0.139 -0.060 ! O::;;
–. 1s4 .:8 ~ ‘:1: ‘ ‘:g~ ~ ‘:X; ~ ‘:% I ‘:~~

0.215 I 0.401
—.157 –. 114 –. 0-37 .214 . .

–. ELI –. 106 –. 0.?3 .023 .054 .205
:.-L

–. 152 , —.110 –. 046 .624 .627 .15s
–. 213 ] –. 161 , –. L06 –. 124 —.x36 .040 ‘f~i%+~l. ~gl~~r

AIRFOIL 2

AIRFOIL 3
—
1
L 0.50 ! -0.093 -o. 0’!7 0.020 ; O:fi [ 0. r% 0.262 -619 I 0:% ‘Q:% I 0.5s? 1 6.663

.3&J ! :~ \

o.W : 0.5s%
.65 i –. 045 .007 .064 .144 .26s

.037 ,
.610 .63S

=O.M .0s0 ] .103 .152
:% –.W3 ,

.49g .549 i
–. 001 .012 .023

.595 /
.019 :27 .395 I ;:: . 5L3 .549 ;

I LOS -.159 j -.136 -.119 I -.*, -.205 , -.062 :;H ~ :3 ~ .310 -4(32 .470
1

.518

.LIRFOLL 4

JHRFOLL 5

0.53
. .65

.al

.95
I.0#

0::: ; I 0.2330.L31 I o:f~ [ 0.257 , 0.338 : 0.490 ; 0.303 ; o:% : 0.77s
.181 .~~ , -233 .299 .454 , :;: ; .475

.111 .176 .222 ; .256 .20s 0.?14,0.178 : .3ss : .476
–. 027 –. 031 –. 074 –.00L :% ~ .221 ~ ..207 , ;:;
–.11s , –.L22 _:&s I –:~ –. 2&l –. 133 , .010

[
.152 ; .217 ,

,

0.W, 0.S2L 0.521
.515 .575
.501 . %.0
.4s9 J .512
.410 ! .4%7

AIRFOIL 6

; 0.50
I .65

: ?5
: 1.C8

—

-—

.

–—

—.

0.la 0.218 0.235 0.316 o,= ~ 0,:; O,g: \ o,~ ~ O,g ~ 0:;:: ‘ .~~ .~~ /
0.4%

.225 .233 .314 .296
0.469

. Isi .24L .m .2S6 . 19s 0.193,0.210 .264 t . zzg ; .3% . -IS .462 .494 ;
–. 010 .013 .028 .003 –.

‘g ~–.lw::!;% ,
.060 ~ .1s0 ; .310 .366 .405 .465

–. 103 –. 0ss –. 075 —.102 –- ~~p ‘.039 ~ .09S j . 1S1 .304 .3s1 .423
-.
.—
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DRAG COEFFICIE&TTS, 6’D

.41RFOIL 1

——

1’ Angle of attack

~ V[c

–20” –16° -12” ‘

1 ; t “ -’ ‘

-8° –4: 0°14”:80

k

● 12° 16“ 20” 24”
1— — _l_

0.50 0.185 0.149 ‘ 0.124 0.079 0.053
.65 .181 .151 ; .117 .083 .057 i

0:% I G::f$ , 0.059

,:~ [ ::%.” ~ ‘H I 0:9

0.16.3 0.~~

.148 .119 .086
.ZJO

.06s ,
.291

.231 .287
~;g ~ :;$ .160 ; .131 105 .083 .107 , .144’ , .183

.179 .148 ! :124 .101 1 :Id i
.233 .275

[“
.0S8 ! .108

Ii
, 144 ~ :1~ , _ ~~ I .~

AIRFOIL 2

.

1 r , 1.$ ! , ,,
. .— . —. --—. A

AIRFOIL 5

I (1:#:o.3,3,0:jg I o<~
.“~ 0,50 ~ 0:;;: ~ 0.189 0.167 ~ o.151 0:f;; ~ 0.090 0.7393

.65
0.099 0.105

.-198 .183 .153 .101 .112 .10.5 .127
.Sfl ; .231 ‘ .213 .193 ; .178 ! .145 .128 .139 .160 .193 .240 .282 I “
.95 ! ,276 .250 ~ .230

.321
.210 \

1,0S i
. 18s .170 .-168 , . 18S .205 .253 .289 .318

.309 . 2S3 ; ,255
I

.230
!

.209 .178 . 16s .173, .194 __ ;22: .260 .207
—.

AIRFOIL 6

10::: 0.224 1 0.205
I I

“1

- -—.—

0.194 0.176 0.135 0.122 0.109 0.111 & ~5 0.169 0.193 “o:];;~= –
.228 .216 .207 .183 .153 .119 .118 .134 .x$ .241 .278

.80 .240 .225 .213 .202 .176 .162 i .175 .195 .2LS .254

.95 .298 .274 ,259
. 3(X .340

:;~ , :;;; 0.20S,tiHY ! :N :$: ~ :;?! :X
.298

1.08 .330 .304 .280
.34

.285 .347



PEESSURE DISTRIBUTION OVER AIRFOILS AT ECLGH SPEEDS

MOMENT COEFFICIENTS

AIRFOZ 2

.—

—.—_
——

-
.-

.. _
.

AIRFOIL 5

,-
.-.

—

-—
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CENTER OF PRESSURE COEFFICIENTS

AIRFOIL 1
——— .—

Vfc

0.50
.65
.80
.95

L 08
1—

.4ngIe of attack

—~(). ~ -16” -12”
1

–8” —4”

- — —— — —

0.16 .0.14
.12 10 .00
.00 –: 12 –. 4s

-.05 7 15 -.67
.08 -.03

AIRFOIL 2

.%IRFOIL 3
,—

I I I , !, I 1-=.

AIRFOIL 4
—t

- . —._ -v

0.32 0:;; j 0.26 0::]
.32 .41
.40 .41 ; .42 .40
.50 .46 .43 .40
..53 .40 / .42 .40 I


